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SOME ASPECTS ON SEISMIC DESIGN OF FRAMES
DESIGNED WITH COLD FORMED STEEL SHAPES.
By Eng. Gabriel Valencia.1

ABSTRACT.
The response of cold-formed steel structures to seismic excitations is not the
same as that of structures designed with rolled shapes, in fact, the seismic design
codes require that the shapes, meet minimum width/thickness ratios, which
virtually no commercial cold formed steel shapes meet, so the design of
structures with these elements is excluded from those codes. Different types of
beam-to-column connections, made using cold-formed steel shapes have been
tested, in order to establish their response to cyclic loads of increasing magnitude.
The analysis of these connections using theoretical models with Finite Element
Analysis (FEA), and through monotonic and cyclic laboratory tests specimens is
presented. Finally, based on the analysis of the hysteretic behavior, as well as the
FEA, some recommendations for the design and use of moment frames designed
with cold-formed steel shapes in seismic areas are presented.

1. INTRODUCTION.

In several codes and design specifications, for steel structures, it is established
that when the seismic response modification coefficient, R, used to determine the
seismic design forces, is equal to or less than 3, the structure is not required to
satisfy seismic provisions, ie, AISC (AISC, 2005), Sec.1; FEMA 450, Sec. 8.2.1
and Table 4.3-1; ASCE7, Sec. 14.1.2, on the condition that these structures are
used in Seismic Categories B, C or D, and in certain cases in Categories D or E.
For the specific case of design of structures constructed with light-framed shapes,
ASCE7 (ASCE, 2005) in Sec. 14.1.2, says: “An R factor as set forth in Table
1
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12.2-1 is permitted where the structure is designed and detailed in accordance
with AISI Lateral, for light-framed cold-formed steel construction … Systems not
detailed in accordance with AISI-Lateral shall use the R factor designated for
Structural steel systems not specifically detailed for seismic resistance”, that
means, R = 3. It is worth noting that AISI-Lateral (AISI, 2004), contains only
design requirements for shear walls, diagonal strap bracing and diaphragms, but
not for moment frames (MFs).
In summary, when designing MFs constructed with cold-formed steel shapes,
according to the mentioned codes, a seismic response modification coefficient, R,
of 3 can be used, at least if the structure will be localized in categories B, C or D
(and in some cases E or F). Nevertheless, the author considers that designing with
values of R greater than 1.0 (eventually 1.5), can lead to unsafe and unreliable
designs, and for that reason, has considered it necessary to study the behavior of
the beam-to-column connections of light-framed members, loaded by seismic
actions (cyclic actions), as a first approach to the study of the behavior of MFs
constructed with cold-formed steel shapes in seismic areas.

2. CONNECTIONS PROGRAM.

Within the connection qualification program under process at the National
University of Colombia under direction of the author, 28 beam-to-column
connections constructed with cold-formed steel shapes have been studied
analytically and experimentally. Beams, as well as columns, have been designed
with double C shapes, arranged in a box-type section or an I-section, varying
characteristics such as sections combinations, width-thickness ratios and type of
reinforcement (stiffeners, continuity plates, etc.). Among the studied connections,
there are very simple ones such as that of a box-type beam weld connected to a
box-type column, without any special reinforcement, or others with I-section
beams, some with stiffeners, continuity plates, seat plates, shear plates, lateral
plates, and combinations of reinforcements such as those mentioned. It must be
noted that in all cases the feasibility of construction of the connection has been
taken into account. The theoretical behavior of the connections was evaluated
considering, among others, two very important aspects from the point of view of
seismic response in the building in which they are intended to be used:
1) theoretical resistance of the members, according to the principle of strongcolumn/weak-beam, and 2) resistance of the elements of the connection such as
plates, welds, stiffeners, etc, calculated assuring that they remain in the elastic
range even if the connected members reach plastic deformation. In Table 1 and
Figure 1 the different types of studied connections are shown.
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Table 1. Analytical and experimental models.
Ref
C-1
C-2

Beam
Box-type
Box-type

Column
Box-type
Box-type

Connection elements and stiffeners
A seat plate
As C-1 plus stiffeners at the column (as
continuity plates)
C-3 I-Section Box-type
A seat plate, a top plate and a shear plate
C-4 I-Section Box-type
As C-3 plus stiffeners at the column (as
continuity plates)
C-5 Box-type Box-type
Lateral plates
C-6 Box-type Box-type
Extended continuity plates
Notes: (1) In all cases, members were formed by 2 C shapes.
(2) For each type of assembly, different width-thickness ratios were tested

3. ASPECTS OF CONNECTIONS BEHAVIOR.

The theoretical behavior of the connections was evaluated with finite element
analysis, FEA, with both elastic and inelastic models. The theoretical resistance
of the chosen sections was determined according to the AISI specifications (AISI,
2004), considering the post-buckling resistance. Given that various widththickness ratios were used, in some cases, the expected resistance to bending
came well below the flexural plastic resistance, Mp, evaluated with the theoretical
yield strength (as if it were a compact section), due to the appearance of the local
instability phenomena, developed even in the elastic range. AISI considers this
phenomenon specifying the use of an effective section, which’s properties: area,
inertia and modulus of the section, are less than those of the real section. AISI
accepts that the design resistance be “based on inelastic reserve capacity, when
some special conditions are met: 1) the member is not subject to twisting or to
lateral, torsional, or torsional-flexural buckling, 2) the effect of cold work of
forming is not included in determining the yield point, Fy, 3) the ratio of the depth
of the compressed portion of the web to its thickness does not exceed 1, 4) the
shear force does not exceed 0.6Fy ht for LRFD, 5) the angle between any web and
the vertical does not exceed 30 degrees” (AISI, p61). In any case, the nominal
resistance, Mn, shall not exceed 1.25 SeFy.
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Type C-1

Type C-2

Type C-3

Type C-4

Type C-5

Type C-6

Figure 1 – Sketches of the analytically and experimentally analyzed models.
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On the other hand, the design of the elements of the connections, that is,
stiffeners, continuity plates, seat plates, shear plates, lateral plates as well as
welded joints, was performed considering that the stresses acting on them for
maximum expected actions, do not exceed the theoretical yield strength, Fy, of
the steel used in their fabrication, this in order to assure that the inelastic rotations
of the connection are nor influenced by an inelastic behavior of such elements.
Finally, the connections were analyzed using FEA within the theoretical studies,
with the use of two analytical programs, one of normal use in design offices
(SAP), and one that allows more detailed modeling (ANSYS). Both elastic and
inelastic analyses were conducted, with and without formulation of local
buckling. For the later, bilineal stress-strain curves were defined with Einel = E/30.
These FEA analyses were carried out searching for possible correspondences
with the behavior determined in the tests, so as to recommend theoretical analysis
procedures that are less demanding and costly than experimental ones, for design
of connections equal or similar to those used in these researches. In Figure 2
various aspects of analysis were observed for one of the type C-5 connections
(Ref. Table 1 and Fig. 1) performed on ANSYS.

(a)

(b)

(c)

Figure 2. With reference to connection C-5 (Fig. 1), (a) meshed for FEA
analysis, (b) constraints and loads, (c) Von Misses stress diagrams obtained
through an inelastic analysis
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4. EXPERIMENTAL PHASE.

The trend of actual codes, with respect to the study of connections, is to establish
that the behavior of these should be verified by realistic scale cyclic testing,
“because the initiation and propagation of fracture cannot reliably predicted by
analytical means alone” (AISC, 2005b). Such tests must consider the loading
history, for which loading protocols are specified. For the analysis of connections
in the present research, the protocol established by AISC in appendix S for
connections with standard hot-rolled shapes, was used in the initial tests.
Nevertheless, the results of these first tests demonstrated that it is not convenient
to use this protocol, as it did not allow visualizing of the behavior of the
connection in the elastic range, which for the case of light-framed shapes holds
great importance, due to the development of local buckling with stress less than
the yield strength. For this reason, the protocol presented in Table 2 was adopted,
in which deformation refers to the displacement of the loaded end of the beam, as
a function of y which is the correspondent to the appearance of the theoretical My
of the beam. The load application rate used was 0.1 mm/s, so that the stresses
increments at beam flanges were within the range of 0.9-4 ksi/s (6-30 MPa/s),
which is used in simple tension tests. The typical test sample is shown in Figure
3. The test variables were controlled through a system of automatic data
collection and a numeric dynamic control actuator for the application of loads.
In Figure 4 the behavior of one of the C-5 connections during loading process can
be seen. According to the forecast obtained through an inelastic FEA with
ANSYS, Figure 4(a), in the corners of the box section of the beam, high stress
concentrations should be present. This phenomenon was widely confirmed during
the tests, as can be seen in Figure 4(b) and (c).

BEAM

ACTUATOR

Figure 3. Prototype of the tested connection.
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(a)

(b)

(c)

Figure 4. With reference to connection C-5 (Ref Fig 1), (a) Von Misses stress
distribution, (b) sample at an intermediate load phase, (c) sample at the end of the
test [11].

Table 2. Loading protocol.
Load Step
1
2
3
4
5
6
7
8
9
10
11
12

Cycles Qty
6
6
6
4
4
4
2
2
2
2
2
2

Displacement
0.25 y
0.50 y
0.75 y
1.00 y
1.25 y
1.50 y
1.75 y
2.00 y
2.25 y
2.50 y
2.75 y
3.00 y
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5. RESULTS
5.1 Moment-rotation curves – Monotonic load.
The curve presented in Figure 5(a) shows the variation of the displacements
measured at the end of the beam with respect to the load increments,
corresponding to one of the tests with monotonic load, in this case, for the
connection in which lateral plates were installed (C-5 type connection, Fig. 1).
The figure includes the theoretical inelastic curves found with the two analysis
software programs (SAP and ANSYS). These curves were plotted for all tests,
and in general their aspect coincides with that of Figure 4(a), except for
connections without any reinforcement.

5.2 Load History Curves. All connections were also tested with incremental
cyclic loads. The results were represented with hysteretic curves. In Figure 5(b)
the corresponding curve for one of the C-5 type connections is presented. The
great resistance degradation is evident at few cycles from the beginning of the
loading process due to the local buckling phenomena. As can be seen in Figure
5(c), in the initial loading phase (i.e. until maximum resistance is attained), the
curve with monotonic load represents with good accuracy, the behavior of the
connection, nevertheless, in the inelastic range, the observed behavior in the
hysteretic curve shows a degradation of resistance, significantly greater than what
is predicted by the monotonic curve.

Figure 5(a). Momentrotation curve, including
the theoretical curves
determined with SAP and
ANSYS for connection
C-5 (see Fig 1).
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Figure 5 (Cont.) With reference to connection C-5 (See Fig. 1), (b) hysteretic
curve for the same connection, (c) correlation of the monotonic and cyclic curves.
Both are tests result curves.
In general, M-θ curves estimated through the inelastic models kept good
correlation with the real curves. Although estimated curves loose correlation
approximately up to 12%, they basically keep the same trend to degrade in
resistance. This can be related to the fact that theoretical curves do not
contemplate the phenomenon of local buckling, even though they do consider the
inelastic range of the steel (Villar-Valencia, 2007).
5.3. Failure Types. A summary of the failures detected in the tests, are:
 Great deformations at the panel zone, Fig. 6a.
 Local buckling of the flanges in compression with stresses below yield
strength, Fig. 4b.
 Tear of the walls in the column when the beam is an I section, Fig. 6c.
 Tear in the flanges in zones of high stress concentrations, at the points
where reinforcements used in the different connections end, Fig. 4c and 6b.
 Tear in the flanges in the zones of high stress concentrations at the beam to
column joint when there are no reinforcements, Fig. 6d.
 Local buckling of the flanges between welds (when intermittent welds are
used) in zones of greater moment.
 Initiation of local buckling of the web at a distance d/2 from the connection,
Fig. 6e.
 Local buckling of the flange near the reinforcements end, Fig. 4c and 6f.
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Figure. 6 Some of the failures detected in the tests. Pictures (a) and (f) from
Valencia-López, 2005, others from Valencia, Salinas, 2007.

5.4 Response modification coefficient, R estimation.
For estimating the response modification coefficient, R, the capacity spectrum
method, and the Newmark and Hall (Newmark, 1982) method were used. Some
MFs frames were analyzed. Their characteristics were, 20’ (6.0 m) of span and
three floors with height between floors of 8.2’ (2.5 m), with connections modeled
with M-θ curves based on the results of the theoretical analyses and laboratory
tests, as studied previously.
Considering the resistance and rigidity degradation, the conclusion that the value
of R lays between 1.5 and 1.8 is drawn. The fact is that rigidity degradation limits
greatly the response of the structure in the inelastic range, due to the appearance
of the phenomena described in 5.3, showing in the capacity curve as a loss of
resistance and lateral rigidity, where for small load increments, deformations
increase considerably.
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6. CONCLUSIONS.

1.

Given the low energy dissipation capacity in the inelastic range, as a
consequence of local instability shown by the elements, the use of coldformed steel shapes in structures that require especial or moderate energy
dissipation must be made carefully. Actually, according to AISC (AISC,
2005b) criteria, frames resistant to especial or intermediate moments shall
not be designed with these types of elements. The resistance degradation as a
result of the action of dynamic loads is very strong, and that fact limits its
seismic behavior.

2.

It is not convenient to use beam-column connections made with cold-formed
steel shapes without using internal reinforcements as continuity plates at the
column, as well as external reinforcements. The most satisfactory behaviors
have been obtained for C-4, C-5 and C-6 connections. Connections with no
reinforcements (internal and/or external) have a poor performance, and their
resistance is below the bending resistance of the beams.

3.

The weld detailing is very important. Some of the tested samples showed
local failures at the ends of welds applied between C shapes of the beam, just
away from the interface with the column, because these welds were not so
long.

4.

Beams made with I sections composed by two back-to-back C shapes,
connected to a box-section type column, show non-recommendable
behaviors. Not only deformations of connections are very significant, but
there are also tears of the columns, torsion phenomena of the beams,
buckling of compression flange (despite the lips), and other local phenomena
which diminish capacity sensibly.

5.

FEA models with ANSYS, shows a good correlation with the experimental
results and predict with an approximation no farther than 10% the basic
parameters, such as deflections, moments and generally the connection
behavior with monotonic loads (López-Valencia, 2005). Nevertheless, the
degradation of the resistance in cycles after the initial ones is not detected
with FEA.

6.

For the design of MFs, “as long as no further researches are conducted, it is
recommended to use a value of R for seismic design between 1.2 and 1.5, for
structures built with cold-formed shapes, with width-thickness ratios of
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around 100 to 200 for webs and of 30 to 40 for flanges, as long as continuity
plates in the interior of the column are used” (López-Valencia, 2005).
7.

The degradation of the moment capacity that is found in tests with cyclic
load is considerably greater than that with monotonic load. For this reason it
is not recommended to determine the behavior of this type of shapes based
on monotonic tests results.

8.

Up to the point where this research has come, no models of columns with
axial loads have been tested yet. It is intended to be done in further phases,
but it is estimated that their influence will not be significant, given that the
main instability phenomena are presented in the beams and in the connection
itself
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Appendix – Notation.
E
Fy
h
t
Mn
My
Se
1

= Modulus of elasticity of steel = 29,000 ksi (200000MPa).
= Speciﬁed minimum yield stress of the compression ﬂange
= Distance between the ﬂanges less the inside corner radius on each side,
= Thickness of element
= Nominal ﬂexural strength
= Yield moment about the axis of bending
= Effective section modulus
= With-thickness limit ratio equal to

y

= Displacement of the loaded end of a beam which correspond to the
appearance of My.
= Rotation angle of a connection.

θ
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